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Imidazole functionalized ordered mesoporous silicate (MCM-IM) with high swTace area
was synthesized by the co-condensation of tetraethylorthosilicate and n-[3 -
(triethoxysilyl)propylj—4.5—dihydroimidazole. using cetyltrimethvlammonium bromide.
CTAB. as a structure—directing agent in basic solution. Nitrogen porosimetry showed that
MCM-IM exhibited typical Type IV adsorption-desorption isotherm, narrow average
pore size distribution of 2.25 rim, surface area of 343 m2/g. and pore volume of
0.21 cm3/g. MCM-IM exhibited a high affinity for 2.4-dinitrophenol and an adsorption
capacity of 1 .85 mmol/g was achieved. The adsoi’ption was pH dependant with
significant increase in adsorption capacity below pH 4. The sorption of 2.4-dinitrophenol
on MCM—IM followed the Freundlich isotherm model, meaning. non—ideal. multi—layer
adsorption on heterogeneous surfaces.
Adsorption studies ofPb2 on sulfonated and phosphonated activated carbon filters
(ACF) were conducted in batch adsorption experiment. Kinetic experiment showed that
lead (II) absorption reached equilibrium after 55 hrs. Adsorption isotherm experiments
showed that sulfonated activated carbons, S-ACF#1 and S-ACF#2 reached equilibrium
capacities of 84.9 mglg and 732 mg!g respectively, while phosphonated activated
carbon, PVA-ACF. reached capacity of662 mg/g. The adsorption was pH dependant
and increased with pH. The sorption ofPb2on S-ACF#l closely follows the Langmuir
isotherm model, which means the sorption is monolayer and homogeneous surffice.
Sorption of Pb24 on S-ACF#2 follows both Freundlich and Langmuir models and
suggesting monolayer coverage on homogeneous surfaces or multi-layer on
heterogeneous surfaces. Lead adsorption was not significantly affected by the presence
of competing alkali and alkali earth cations. except forM?. In the presence of M?.
Pb2 uptake was below 80%.
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Water pollution is a major global problem, which requires ongoing evaluation and
revision ofwater resource policy at all levels. It has been suggested that it is the leading
worldwide cause of deaths and diseases, and that it accounts for the deaths of more than
14.000 people daily. In addition to the acute problems ofwater pollution in developing
countries, developed countries continue to struggle with pollution problems as well. In
the most recent national report on water quality in the United States, 45 percent of
assessed stream miles, 47 percent of assessed lake acres, and 32 percent of assessed bays
and estuarine square miles were classified as polluted.
Water is typically referred to as polluted when it is impaired by anthropogenic
contaminants and either does not support a human use, such as drinking water, and/or
undergoes a marked shift in its ability to support its constituent biotic communities, such
as fish. Water pollution is due to both microbial infection and to the presence oforganic
and inorganic waste materials, including hannful chemicals pollutants, including, toxic
heavy metals, anions (such as cyanide), organic solvents, such as hydrocarbons and
chlorocarbons, agrochemicals, such as pesticides and herbicides, and chlorinated dioxins.
A major breakthrough in medical disinfection was the introduction ofchlorine as
chlorinated lime in by Holmes in Boston in 1835. Chlorine, added in concentrations of I
to 3 mg/L. is now widely used to disinfect drinking water supplies and has been a nwjor
I
factor in preventing water-borne disease. Also, chlorination of freshwater may cause the
formation of trihalomethane compounds, such as the carcinogenic chloroform, and toxic
brornoform. Advanced oxidation processes (AOPs) for wastewater treatment include
reactions with H20 with or without ultraviolet (UV) irradiation, ozonation, and 03/UV
treatment. While ozone has a high oxidation potential. it slowly reacts with various
compounds. such as chlorinated alkanes and herbicides. Improved methods involve the
combination of ozone with UV light, generating OH radicals, which are more reactive
oxidants. Photocatalytic oxidants such as Ti07, use near-UV and visible light as the
energy as activation energy and may he reused. Many compounds such as organic
molecules and components of living systems are unstable towards oxidation and
photoassisted reactions are also important in natural waters.
Sorption technologies are effective ways to remove organic and inorganic
pollutants from water. Activated carbon, zeolites and related porous sorbents have been
explored as absorbent for the removal of organic and inorganic pollutants from water.
Phenolic compounds are one class of organic compounds that are prevalent in water and
in need of purification technology. Lead is a major heavy metal that is also a prevalent
water pollutant and in need similar filtration technology.
1.2 Objective
The objectives of this research was to investigate the following: 1 ) the use of
ordered mesoporous silicates for the removal of 2.4-dinitrophenol from water, and 2) the
use of activated carbon filtes for the removal of lead ions from water.
CHAPTER 2
FUNCTIONALIZED ORDERED MESOPOROUS SILICATE FOR THE REMOVAL
OF 2A-DINITROPHENOL
2.0 Introduction
According to World I—lealth Organization (WHO) Guidelines for drinking—water
quality (GDWQ) which was published in 1984-1985. phenolic species in water are
harmful to humans. even at low levels. Chlorophenols are present in drinking—water as a
result of the chlorination of phenols during disinfection, as by—products of the reaction of
hypochiorite with phenolic acids, or as degradation products of phenoxy herhicides.23
The aromatic p—nitro—phenol (4—nitrophenol) is an industrially important compound with
toxicological properties resembling those of phenol. The toxic action of phenols is much
like that of aniline, including the conversion of hemoglobin to methemoglobin. which is
caused by oxidation of iron (II) in hemoglobin to iron (III) with the result that
hemoglobin can no longer transport oxygen in the body. This condition is characterized
by cyanosis and black-brown color of the blood.4 The removal of these compounds from
wastewater is essential because they present an important health risk.
Activated carbon is known to be a very effective absorbent used for the removal
of phenolic compounds from water. This is due to its porous structure and relatively high
surface area, and the ability to be regenerated by thermal desorption. However activated
carbon also suffers from disadvantages, such as high cost. loss in regenerative cycle, and
-5
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weak interactions with metallic cations. Therefore, alternative adsorhents for phenol ic
compounds are needed.67
Ordered mesoporous silicates (OMS). whose dimensions can he engineered in the
range of 1 5-1 OOA. exhibit significant adsorption properties. due to their high surface
areas above 700 m2/g, large pore sizes. and the ability to modify their surface chemistry
to achieve high selectivity.8 MCM-41 is an OMS that is synthesized by using a silica
source such as tetraethylorthosilicate and can be obtained through the hydrolysis and
condensation reaction of silsesquioxane precursors in presence of surfactants. Ordered
mesoporous silicates such as MCM-41 can be further functionalized with organics to
form organically modified OMS. with the oorganic groups attached to the framework as
functional groups (-O)3SiC6F-T1 IX (X= SH or imidazole) anchored to the wall through
the -0-Si linkage. Compared with OMS. the organically modified version exhibits
unique properties. such as hvdrophobicity/hydrophilicitv and improved hydrothermal and
mechanical stahility.8’’°’’
2.1 Objective
The objective of this research is to synthesize ordered mesoporous materials with
imidazole organic functional group and to investigate their adsorption properties for the
removal of 2.4-dinitrophenol compound from water.
2.1 . Literature review
According to International Union of Pure and Applied Chemistry (IUPAC).
microporous or mesoporous material can be described in terms of a host structure, which
defines a pore structure, which may contain guest species. Because these materials are
often used as a molecular sieve the diffusion of guest species and space restrictions for
reaction intermediates are relevant. Therefore any material can he considered to consist
of atoms linked by chemical bonds and the void between these linked atoms. In an
ordered microporous or niesoporous material, the voids between the linked atoms have a
free volume larger than of a sphere with 0.25 nm diameter, and they are arranged in an
ordered manner where the linked atoms are called host and the voids the pores. Pores
with free diameters of less than 2 nm are called micropores. and those in the range ol 2 to
50 nm.
2.1.2 Synthesis of ordered mesoporous silicates
2.1 .2.1 The micelles formation
The synthesis of periodic mesoporous organosilicates is based on the use of
organic ternplating molecules as structure directing agents (SDA). around which an
organosilane precursure condenses under acidic or basic catalyzed conditions to form a
mesoporous material.’3 In the synthesis of OMS via surfactant-assi sled condensation.
cetyltrimethylammoni urn chloride (CTAC) and cetyltrirnethylammoni urn bromide
(CTAB) can be used to obtain controllable mesoporous structure. The pore size olihe
OMS is determined by the geometric configuration of micelle of the surfactant used as
template. The surfactants. CTAC and CTAB are amphiphiles. which means they are
molecules that are polar on one end [eg. (CH3)3N] and nonpolar on the other end (eg.
alkyl). CTAB and CTAC molecules have affinities for both aqueous and nonpolar
phases. ‘
2.1.2.2 Synthesis of MCM-41 containing organic groups
Soon after the discovery of OMS. there was much interest in incorporating
organic groups into their structure. These organic groups include vinvl.IX
6
mercaptopropyl,’5aminopropyl,’° and imidazole (Figure )1o.2I The organic functional
group in OMS can be fully and homogeneously imbedded within the inorganic matrix
either by a grafting (post-synthesis) approach or alternatively by co-condensation (one
pot synthesis) 12. 16.17.18.19 of tetraalkvl orthosil icate (silica precursor) and
organotrialkoxysilane using various templating agents including ionic surfactanis,
oligomeric surfactants and block copolymers.’6’72021 22 This results in a highly ordered
material with a high surface area. a narrow pore size distribution and up to a 100%
organic loading.’3
En the post-synthesis grafting approach, the organic functionalities are often
postulated to be pendant groups heterogeneously located on the internal or the external
pore surface. because they congregate near the entries of the mesoporous channels and on
the external pore surface. However, the one-pot synthesis which has been developed in
recent years, allows a good control of the organic content and a more homogeneous
distribution of organic pendent groups in the mesoporous materials.3’°’‘ It is more
efficient and less time consuming than post-synthesis modification. In this method. co
condensation of a tetraalkoxysilane and one or more organoalkyoxysilanes with Si-C
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Fig 1. Functionalization of mesoporous silicates by co-condensation2
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The first studies by Mann and co-workers involved mixtures of
cetyltrimethylammonium bromide or cetyltrirnethylammonium chloride (CTAB or
CTAC) surfactants with tetraethylorthosilicate (TEOS) and organosilanes chosen from
the Collowing: phenyltriethoxvsilane (PTES). allyltrimethoxysilane(ATMS). 3-
mercaptopropvltrimethoxysilane (MPTMS). 3-aminopropyltriethoxysilane (APTES). or
3 -imidazolyltriethoxysi lane In selected systems, hexagonally ordered materials were
obtained when up to 20 mol % of the organoalkoxysilane was used. Similarly.
mercaptopropvl-functionalized porous silicates were synthesized h the co-condensation
of 3-mercaptopropyltriethoxysilane (MPTES) and TEOS in the presence o [‘a cationic
surfactant under basic conditions. 24.25 Similarly. mercaptopropyl—functionalized porous
silicates were synthesized by the co-condensation of
3-mercaptopropyltriethoxysilane (MPTES) and TEOS in the presence ola cationic
surfactant under basic conditions.2627
8
3-mercaptopropyltriethoxysilane (MPTES) and TEOS in the presence of a cationic
surfactant under basic conditions.2627
Whereas the calcination process is typically used to remove the surfactant from
the framework of OMS, acid ethanol is needed for organofunctionalized OMS. After
organic groups are incorporated in the mesoporous material, the surfactants are normally
extracted with HC 1/ethanol mixtures.810.18.28.29
2.1.3 Application of ordered mesoporous silicates (OMS) as adsorhents for organics
Whether dealing with the adsorption of cationic or anionic metal—containing
species or with the adsorption of organic pollutants. there is an urgent need to develop
novel adsorbents with high surface area and open pore structure for enhanced rate
adsorption and increased adsorption capacity. OMS that has been functionalized at
specific sites exhibited improved capacity, selectivity and stability in adsorption process
4 182021 2430of cations and anions, radio-nuclides, and organic solvents.
One of the important applications of hybrid organic —inorganic materials is the
adsorption of large organic molecules such as alizarin red S and reactive yellow X-RG.
and phenolic compounds from water.243! The rapid adsorption rate was due to the large
surface areas and the high aflinity of the dyes for the pyridine group. On the basis of the
Langmuir analysis, the saturated adsorption capacities were 143.8 mg/g, 891.1 mg/g and
3369.3 mg/g for alizarin red S. reactive brilliant red X-3B. and reactive yellow X-RG.
respectively. Stein showed that vinyl-modified MCM-41 has an affinity for nonpolar
solvents such as toluene. In their study, Kei Inumaru and co-workers. were able to
functionalize MCM-41 with n—octyl (C8) group and use it for removal of low
concentrations of nonylphenol.24 The capacity of adsorbent C8-MCM-41 for nonylphenol
9
v-as 0.65 mmol/g. Adsorbent C8-MCM-41 also shown to have high molecular selectivity
for nonvlphenol in the presence of phenol. The material showed no detectable adsorption
of phenol.
Yan and Li reported that the pyridine-functionalized OMS can he applied for the
removal of carboxylic acid and one sulfonated aromatic acid from water.31 This rapid
adsorption rate was due to the large surface areas and the high affinity of the dyes for the
pyridine group.
2.1.4 Adsorption of phenols on various materials
A number of researchers investigated the adsorption of phenol ic compounds on
various OMS. The arylene- and ethylene-bridged OMS materials were developed by
Burleigh and coworkers. and exhibited a significant adsorption for three phenolic
compounds. namely. 4—nitrophenol, 4—chlorophenol. 4—methylphenol.3°This adsorption
property depends on the interaction between the surface of the adsorbent and were due to:
(1) chemical bonding: (2) hydrogen bonding: (3) hydrophobic bonding. and (4) Van der
Waals forces.
Sayari and coworkers investigated the effects of two novel selective extraction
and calcination processes on the removal of organic pollutants, 4-eli lorophenol
4-chloro-2-methoxyphenol and 2.6-dinitrophenol by MCM-41. The solvent-extracted
and pore expanded MCM-4 I exhibited high adsorption rate. and material which
contained 50 weight percent of cetvltrimethvlammonium surfactant. also exhibited wide
open pore structure particularly suitable for rapid adsorption of hydrophobic molecules.4
Li. Zhang et at proposed the adsorption ofseveral phenolic compounds including
phenol. p—creosol, p—chlorophenol and p— nitrophenol and sulfonated aromatic acid from
10
by dual function interaction mechanism involving ?t—it interaction between the AH—6 resin
matrix and benzene ring of the adsorbate. and hydrogen-bonding interaction between the
hydroxyl groups of the adsorbate and the amine group of adsorbent. Kinetic studies
indicate the adsorption rate partly depends on the molecular size of the adsorhate and
surface-adsorbate interaction is determined as the controlling step of the adsorption on
both adsorhents2
Prior research by Ingram and coworkers have shown that organofunetionalized
MCM-41 demonstrated varying affinity for the adsorption of different phenolic
compounds. In particular. imidazole functionalized MC M—4 I showed high afli n i ty for




N-(3-triethoxysilvlpropyl)-4,5-dihydroimidazole [TESIM] was obtained from
Gelest Inc. Ethyl alcohol (C2H60, ethanol), hydrochloric Acid [HC1, 37.2%1. sodium
hydroxide [NaOI-I] and tetraethyl orthosilicate [(C21-150)4Si,TEOS] were purchased from
Fischer Scientific Co. Cetyltrimethylammonium bromide [CTAB. 98% I. and 2,4-
dinitrophenol [2.4-DNP. 97%] were obtained from Aldrich Chemical Co.
2.2.2 Synthesis
2.2.2.1 Synthesis of the MCM-IM (062507MZ 1.2)
A 0.8 g aliquot of CTAB (cetyltrirnethylammoniuni bromide) was dissolved in 43
ml of 0.1 M sodium hydroxide solution at 40 °C . After complete dissolution. a mixture of
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1.5 g of TEOS and 0.3 g of n-(3-triethoxysilylpropyl)-4,5- dihydroimidazole was added
to yield a mixture of molar composition:
0.9TEOS:0.lSilane:0.I2CTMB:0.23NaOH:130H2The mixture was stirred for three
days at room temperature. After reaction, the solid was recovered by filtration, washed
with distilled water and dried at 70°C overnight.
2.2.2.2 Extraction
The dried product recovered from filtration, was placed in acidified ethanol
(1 M HCI) at 350 mUg and refiuxed for 6 h at 70°C. It was then filtered and washed with
a large volume ofethanol and dried under vacuum at 60°C for lOh. The extraction was
repeated.
2.2.3 Characterization
2.2.3.1 X-ray powder diffraction
X-ray powder diffraction is a rapid, non-destructive analytical technique widely
used in chemistry and biochemistry to determine the crystalline structures of an immense
variety of molecules. including inorganic compounds, DNA and proteins. The powder
material is finely ground. homogenized and is filled in a small disc like container and its
surffice carefully flattened. The disc is placed on one axis ofthe diifractometer and tilted
by an angle 0 while a detector (scintillation counter) rotates around an arm, at twice this
angle. X-rays generated by a cathode tube are directed towards the sample. The
interaction of the incident rays with the sample produces interference and a diffracted ray.
The pattern produced by the diffraction of X-rays through the closely spaced lattice of
atoms in a crystal is recorded and then analyzed to reveal the nature of that lattice. The
spacing in the crystal lattice can be determined using Bragg’s law:
12
= 2d sin(0) Equation I
where, n is an integer, 2 is the wavelength of x-rays, and moving electrons, protons or
neutrons. d is the spacing between the planes in the atomic lattice, and 0 is the angle
between the incident ray and the scattering planes. Results are commonly presented at
peak positions at 20 and X-ray counts (intensity) in the form of a table or an x-y plot.
The d-spacings of each peak are then obtained by solution of the Bragg equation for the
appropriate value of 2.. Once all d-spacings have been determined, automated
search/match routines compare the ds of the unknown to those of known materials.
Because each solid material has a set of d-spacings. matching these d-spacings provides
an identification or fingerprint of the unknown sample. A systematic procedure is used
by ordering d—spacings in terms of their intensity, beginning with the most intense peak
X-ray powder diffraction (XRD) measurements were recorded on a Philips X’PERl’
diffractometer with a Cu Ku anode, voltage and current of 40 KV and 45 mA.
respectively. Scanning was done at 20 angles from I to 100 with step size of 0.02 °. step
time of 10. and slit width of 1/2 0
2.2.3.2 Surface area and pore size distribution analysis
Nitrogen adsorptionldesorption isotherms are used to investigate the Brunauer.
Emmet and Teller (BET) surface area, the pore volume and pore distribution of porous
materials. The solids with microporous structure are immersed in nitrogen gas. When
nitrogen gas comes into contact with solid surface. molecules of the gas will he adsorbed
to the surface in quantities that are a function of their partial pressui’e in the bulk. The
measurement of the amount of gas adsorbed over a range of partial pressures at a single
temperature results in a graph known as an adsorption isotherm (Figure 2). Theses
I-,
1-,
isotherms have been classified to six different types according to IUPAC. Type I
isotherms are given by microporous solids having relatively small external surface.
Types II and III describe adsorption on macroporous adsorbents with strong and weak
adsorbate-adsorbent interactions, respectively. Type IV and V isotherms are associated
with capillary condensation taking place in mesopores with their hysteresis ioop. Type











Fig 2. The IUPAC classifications for adsorption isotherms
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The BET method is the basis for an important analysis technique for the measurement of
specific surface area of solid materials, by physical adsorption of gas molecules. A
Micromeritics ASAP-2020 volumetric adsorption analyzer was used to measure nitrogen
adsorption at 77K. First. independent vacuum systems allowed each sample to be
evacuated under controlled heating profiles at 473°K for 2h. The total pore volume was
obtained according to the single point method and also the mean pore size was evaluated
with BJH method.
2.2.3.3 Ultraviolet spectrometry (UV)
UV spectroscopy is used in analytical chemistry for the quantitative determination
of different analytes such as conjugated organic compoLinds. Molecules containing t
electrons can absorb energy in the form of ultraviolet to excite these electrons to higher
molecular orhitals. The more easily excited the electrons. the longer the wavelength of
light it can absorb. An optical spectrometer records the wavelengths at which absorption
occurs, and also the degree of absorption at each wavelength. The resulting spectrum is
presented as a graph of ahsorhance (A) versus wavelength. The concentrations of 2.4-
dinitrophenol was recorded on a Cary 500 Scan UV-VIS-NIR Spectrophotometer. For all
measurements, scanning was done in the wavelength range of 200—500nm. Prior to
measurement, a calibration curve of absorbance versus concentration using calibration
standards was acquired based on Beers Law:
A ccl Equation 2
where A is the analyte’s absorhance, c is the concentration of analyte and c is molar
ahsorhtivitv. The adsorption wavelengths of 2.4-dinitrophenol are 281 and 360 urn.
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2.2.4 Adsorption of 2,4-dinitrophenol on various sorbents
The standard procedure for the adsorption experiments of 2,4-dinitrophenol was
carried out using approximately 0.01 g of the sorbent. After adding a 10- 20 ml aliquot
of I .Ox 1 0 -4 M 2.4-dinitrophenol aqueous solution, the samples were agitated for a period
of 6 hours at room temperature to ensure equilibrium was reached. The samples were
then centrifuged for 5 mm at 3000 rpm. The supernatant was filtered and analyzed using
the Cary 500 Scan UV-VIS spectrophotometer (section 2.2.3.3) to determine the
concentration of 2.4-dinitrophenol. For all measurements. spectra were recorded in the
wavelength range of 200-500 nm. These batch adsorption measurements were conducted
in duplicates. The percent uptake was calculated by the equation:
Uptake (%) = [(Ci
— Ce)/Cil.100 Equation 3
where, Ci and Ce are the initial and equilibrium molar concentrations of the 2.4-
dinitropheenol in solution.
2.2.5 Adsorption isotherms
Adsorption isotherm for 2,4-Dinitrophenol on MCM-IM was performed by a also
batch adsorption process. Several solutions with different 2,4-dinitrophenol
concentrations between 7.5x10-5 and lOxlO-3M were used. The amount (qe) of
adsorbate retained in the absorbent phase (ug/g) was calculated by:
qe = (Ci - Ce).V.FW Equation 4
where Ci and Ce are the initial and equilibrium molar concentrations of 2.4—dinitrophenol
in solution. Fw is the molecular weight of 2.4—dinitrophenol. M is the mass of sample (g).
and v is the volume of the solution (L).
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2.2.6 Isotherm models
The suitability of two adsorption models, namely, Langmuir and Freundlich. to fit
the equilibrium data were investigated for 2,4-dinitrophenol sorbent systems.
2.2.6.1 Langmuir isotherm model
The Langmuir equation is the most widely used two-parameter equation.37 It
assumes that: (1) adsorption takes place at specific homogeneous sites within the
adsorbent: (2) all adsorption sites are identical and energetically equivalent: (3) each site
can accommodate only one molecule or atom: and (4) there is no interaction between
adsorbates. At adsorption equilibrium, a saturation point is reached at which no further
adsorption can occur. A linear expression of the Langmuir equation can he represented
Ce/qe = 1/KL + (oi/KL)Ce Equation 5
where qe is the amount adsorbed at equilibrium (mmol/g), Ce is the equilibrium
concentration (mM), KL is the Langmuir isotherm parameter (L/g). and aL is the
Langmuir isotherm parameter (L/mmol). A linear expression of the Langmuir equation
can be represented by and, KL/aL gives the theoretical monolayer saturation capacitY.
3.2.6.2 Freundlich isotherm model
The Freundlich isotherm is the earliest known relationship and can he applied to
non-ideal sorption on heterogeneous surfaces as well as multi-layer sorption. A linear
form of the Freundlich expression can be obtained by taking logarithms of equation:38
Inqe = 1nKF + 1/riCe Equation 6
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Mtere. qe is the amount adsorbed at equilibrium (mmol/g). Ce is the equilibrium
concentration (mM), KF is the Freundlich parameter [IJ(mg 1-1/n g)], and 1/n (bF) is the
heterogeneity factor. The magnitude ofthe exponent 1/n gives an indication of the
Ihvorability of the adsorbent/adsorbate system. Value of 1/n> 1 signifies that solute has
low affinity 1kw the adsorbent at low-concentrations and isotherm curve shows a concave
profile which corresponds to S-type. The value of 1/n =1 corresponds to a C-type
isotherm curve which is strictly linear. Likewise, value of 1/n < us an indication of
Ilvorable adsorption. The isotherm with 1/n <1 value is classified as the L-type.
reflecting a relatively high affinity between the solute and the solid phase.
2.3 Results and discussion
2.3.1 Material characterization
2.3.1.1 X-ray diffraction
Figure 3 shows the X-ray powder diffraction patterns of both MCM-IM
(062507MZ01) and MCM (022008MZ01). The samples exhibited a predominant peak in
the diffraction pattern at 20 ofapproximately 2°. The observation of small peaks at 4°-5°
and 6°-7° is typical of 3-D hexagonal lattice of ordered mesoporous materials and
demonstrates that a highly ordered mesostructures were obtained. Therefore MCM-lM












Fig 3. XRD patterns of MCM-IM and MCM
2.3.1.2 Surface area and porosity
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Fig 4. Adsorption desorption isotherms of MCM-JM
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Figure 4 shows that adsorption-desorption isotherms of MCM-IM was of’ Type
IV. Sharp rise at P/P0 of— 0.2 is due capillary condensation in mesopores. The sharp
steps were not well defined possibly due to the presence of the organic functionalit and
residual surfactant within in-capsulated surfactant in the pores . MCM-IM showed high
surface areas of 343 m2/g. pore size of 2.54 nm and pore volume of 0.21 cni/g.
2.3.1.3 Infrared spectroscopy
Infrared spectroscopy was used to identify the presence of imidazole group in
MCM-IM (Figure 5). Peaks at 2922 cni1 and 2852 cm’ were assigned to C-H bond from
imidazole carbon chain and the surfactant residue. No peaks for C-N bond For imidazole
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Fig 5. Infrared spectrum of MCM-lM
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2.3.1 .4 Thermogravimetric and elemental analysis of MCM-IM
Thermogravirnetric analysis was conducted on a TA Q50 Thermal analyzer.
between room temperature and 550 °C in air at a heating rate of 10 degrees/minute
(Figure 6). The curve shows 5% weight loss up to 100 °C due to water loss. 27% weight
loss between 200 °C and 300 °C due to desorption of surfactants, and 7% weight loss
between 300 °C and 400 °C due to the decomposition of imidazole. The imidazole
content was determined to be 0.64 mmol/g. Elemental analysis shows 30.3 wt % carbon
and 1 .5 wt % nitrogen, which is consistent with TGA result.

















2.3.2 Adsorption of 2.4-dinitrophenol
2.3.2.1 Screening of adsorbent materials for the adsorption of 2,4-dinitrophenol
The adsorption of 2.4-dinitrophenol at concentration of I .Ox 1 0-4 M was
investigated on six different adsorbents shown in Table I and Figure 7. Materials with
extracted MCM-IM demonstrated adsorption of 63.6% and 49.3%. However the MCM
IM material that was not extracted showed a very low uptake of only 18.7%, which
indicates that surface area and pore volume dramatically increase after extraction. MCM
IM has the highest affinity for 2.4—dinitrophenol, therefore further experiments were
carried out on this material.
Table 1. Percent Uptake of 2,4dinitrophenol on various adsorhents
Sample ID# Material Sorbent Concentration of % Uptake
amount(g) 2,4—dinitrophenol
(M)
062507MZ011M MCM-IM 0.01 1.OxlO -4 63.6
ex (extracted)
062507MZ011M MCM-IM 0.01 1.OxlO 18.7
(unextracted)
BTSE-IM- BTSE-IM 0.01 1.OxlO 29.2
FLDO4O3 1705*
MCM-IM- MCM-IM 0.01 1.OxlO 49.3
FLD04040603 *
BTSE-UREA- BTSE-IM 0.01 1.OxlO 10.7
fid02220602*
CTNI-1 CTNH 0.01 1.OxlO 46.1
FLDO3 190502*
______________________________
* Materials were obtained from previous synthesis:
* BTSE-UREA-FLD02220602 contains ethylene group in the porewall and UREA as
pendent. CTNH FLDO3 190502 contains silicate pore wall and NI-I2 as pendant.
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Fig 7. Percent uptake of 2,4-dinirophenol on various sorbenis
2.3.2.2 Effects of variable p1-I on the adsorption of 2,4-ditrophenol
Solutions containing 24—dinitrophenol were adjusted to various p1-I in the range of
2 to 11. by adding HCT or NaOH. The above solutions were then contacted with
absorbent MCM-IM (062507MZ01 IM). Figure 8 shows that percent adsorption of 2,4-
dinitrophenol. At pH = 2 and pH 4, the highest percentage uptake of 86.9% and 85.4%
were observed respectively. As the p1-I increases the percent adsorption decreases
sharply above pF-I = 4 and gradually to the lowest of 7.36 at pH = 11. The sharp rise
below p1-I of 4 could be related to acid strength for dinitrophenol which has pKa of 4.1 14.
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Figure 8. Effects of variable pH on the adsorption of 2.4-ditrophenol
2.3.2.3 Adsorption isotherm of 2.4-ditrophenol
Figure 9 shows the adsorption isotherm of two different pH values. A higher
concentration. 1 .82 mmol/g. was adsorbed in solutions of pH = 3 compared to 1 .43
mmol/g in pH = 6. These absorption values are typical of those reported For other
sorberits.
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Fig 9. Effects of variable pH n the adsorption of 2.4-ditrophenol on MCM-IM
2.3.2.4 Comparison of adsorption isotherm models for two various pH
Establishing an appropriate correlation for equilibrium curves is important in
describing how pollutants interact with adsorbents in order to optimize the design of a
sorption system. In this work, two isotherm models (Langmiur and Freundlich) were
tested. Figures 10. 1, 12 and 13 show the Langmuir and Freundlich isotherm linear
plots for the adsorption of 2,4-dinitrophenol on MCM-IM, at pH of 3 and 6. respectively.
Figure 10 shows Langmuir isotherm for MCM-IM at pFl =3. The low correlation
coefficient of 0.9477 indicates that is not a good fit. Figure 11 shows Freundlich
isotherm with correlation coefficient of 0.969 indicating a better fit and suggesting that
2.4-dinitrophenol adsorption on MCM-IM is non-ideal. multi-layer on heterogeneous
surfaces. The parameters of the Freundlich isotherms are listed in the Tables 5.
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more favorable fit with correlation coefficient of 0.958. From Table 5, 1/n values of less
than one indicate a high affinity of MCM-IM for 2.4-dinitrophenol.
0.00005
0
Fig 10. Langmuir isotherm linear plots for the adsorption of 2.4-dinitrophenol on
MCM-IM (pH=3)
Fig II . Freundlich isotherm linear plots for the adsorption of 2A—dinitrophenol on
MCM-IM (pH3)
0.0004
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Fig 12. Langmuir isotherm linear plots for the adsorption of 2,4—dinitrophenol on
MCM-IM (pH=6)
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Fig 13. Freundlich isotherm linear plots for the adsorption of 2.4—dinitrophenol on
MCM-IM ( pH6)
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Table 2. Freundlich isotherm parameters of 2.4-dinitrophenol on MCM-IM for pH=3 and
pH=6
pH Materials Pollutants Equation R2 KF[L/(mg 1- l/n(hF)
1/n g)]
3 MCM-IM 2.4- Y0.775x+6.539 0.969 1923 0.775
din itrophenol
6 MCM-IM 2.4- Y=0.852x+7.731 0.958 2279 0.855
dinitrophenol
______
2.4 Conclusion and future work
Imidazole functionalized ordered mesoporous silicates with high surface area was
synthesized by co-condensation using CTAB as a structure-directing agent in basic
solution.
Nitrogen porosimetry shows that MCM-IM exhibited typical Type IV
adsorption-desorption isotherm. Narrow average pore size distribution of’ 2.25 nm.
surface area of 343 m2/g. and pore volume of0.21 cm3!g were observed. Other
characterization techniques. such as TGA and elemental analysis confirmed the
incorporation of functional group —TM at 7 wt %.
MCM-IM exhibited adsorption capacity of 1 .8 mmol/g for 2.4-dinitrophenol
which is the range typically observed for related mesoporous adsorhents. The
adsorption was pH dependant with significant increase in adsorption characteristics
below pH 4. The sorption of 2.4-dinitrophenol on MCM-IM followed Freundlich model.
meaning non—ideal, multi—I ayer adsorption on heterogeneous surfaces.
CHAPTER 3
ACTIVATED CARBON FILTERS FOR THE REMOVAL OF LEAD (II) FROM
WATER
3.0 Introduction
The US EPA has established a maximum contamination level (MCL) For Ph2 in
drinking water at 15 ppb.37 There are many techniques. such as ultra liltration
membranes and ion exchange resins, to remove Pb from water. Activated carbon filters
is a low cost. effective technique that is still attractive to the water researchers and
industries.
3.1 Objective
The objective of this project was to investigate the adsorption of Ph2 on
sulfonated activated carbon (ACF) filters.
3.1.1 Literature review
Phenol formaldehyde resins have potential value in synthesis of activated carbon
fibers (ACF). since they can be heated under inert conditions to about 600°C to yield a
carbonaceous fiber with surface area of 600 m2/g of 60% yield. These fibers have shown
improved contact efficiency with media containing trace impurities to well below 1 pph
compared to 5-20 ppm.39 Recently. powered activated carbons with mesopores between
2-50 nm have received widespread attention for adsorption of impurities from water.
Typically mesoporous carbons are produced from organic precursors such as coal. wood.




















Figure 15. Effect of activation temperatures on ion exchange capacity of the resulting
sulfonated ACF
3.1 .2.2 Effect of sulfonation temperatures
Eon exchange capacity in both total and strongly acidic groups increased with
increasing sulfonation temperatures as shown in Figure 1 6 (A). But higher sulfonation
temperatures only can apply For the AQF which was activated with higher activation
temperatures. Otherwise the high temperature could destroy the coating of AUF. On the
other hand, BET surface area decreased with an increase in sulfonation temperature.
especially for the ACF made at low activation temperature. As a result, activation and
sulfonation temperatures at 400oC and —1 9OoC respectively were found to he optimum
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Fig 1 6. Effect of sulfonation temperatures on BET surface area of the sulfonated ACFs
3.2 Experimental section
Three activated carbon materials (S-ACF#1, S-ACF#2, P-ACF) were received
from James Economy’s group and evaluated for Pb2 absorption.
3.2.1 Adsorption kinetics of lead (II)
Adsorption kinetic experiments were conducted using 1000-8000 pph lead (II)
aqueous solution which was prepared from lead nitrate, purchased from Fisher Scientific
(Lot#95 1420, 99+ % purity). Approximately 0.Olg of material ACF was measured in
polyethylene containers and 100 ml above solutions was added to the container and
agitated for various time periods up to one week at room temperature. The samples were
centrifuged and filtered through 0.45 im glass fiber filters and the filtrates were analyzed
for Pb2 using a Perkin Elmer 9000 Inductively Coupled Plasma Mass Spectrometrv
(ICPMS). based on lead-208 isotope. The experiment was conducted in duplicate. The
uptake (%) were calculated by
Uptake % [(Ce — Ci)! Ci] x 100 Equation 7
where; Ci and Ce are the initial and equilibrium concentrations of lead (II) in solution
(ppb).
3.2.2 Adsorption isotherms of lead (11)
Adsorption isotherm experiments were carried out with 100 ml of I 000-1 0000
ppb lead (II) aqueous solution, using approximately 0.Olg of three materials. S-ACF#l,
S-ACF#2 and PVA-ACF. The solutions were agitated at room temperature. The samples
were centrifuged, filtered through 0.45 im glass fiber filters, and the filtrates were
analyzed for Pb2 using Perkin Elmer 9000 Inductivity coupled Plasma Mass
Spectrometry (ICP-MS). The experiment was conducted in duplicates.
3.2.3 Adsorption of Lead (II) in the presence of competing cations
Aliquot of each nitrate salt was dissolved in 100 ml of 6000 jig!L Ph2 solution to
give the following ion concentration: Na (22 g!100 ml), K (27 g!l00 ml). Mg2* (7 g!lOO
ml) and Ca2 (14 g!1 00 ml). The Pb2 solution containing one of the competing ions and
0.01 g of ACF#1 was agitated in 100 ml polyethylene container for 3 days. The samples
were then centrifuged, filtered and the filtrates analyzed for Pb2 as described above. The
experiment was conducted in triplicates.
3.2.4 The effects of pH on lead (II) uptake on S-ACF#l
PH of 6000 1g!L solution of lead was adjusted to 1.5 to 4 by adding nitric acid.
Aliquot of 100 nil of this solution was added to 0.01 g of ACF#1 and the solution was
shaken for 3 days. The samples were centrifuged, filtered and the filtrates analyzed for
Pb2. Experiment was conducted in triplicates.
3.3 Results and discussion
3.3.1 Adsorption test
3.3.1.1 Adsorption kinetics of lead (II)
Adsorption kinetic experiments were conducted on of 8000 ppb lead (II) aqueous
solution, on S-ACF#1 for a period of 96 hours. Results shown in Figure 17 indicate, alter
approximately 55 hours the amount of adsorbed lead reached an equilibrium value of
approximately 70 mg/g. Therefore all the following experiments were conducted for a













Fig 17. Adsorption kinetics of lead (II) on S-ACF#l material
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3.3.1.2 Adsorption isotherms of lead (II)
Adsorption isotherm experiments were conducted using of 1 000-1 0000 tg/L lead
(11) aqueous solution on S-ACF#1, S-ACF#2 and P-ACF materials and agitation period
of 7 days. Results in Figure 18 show that after period of 7 days, material S-ACF#1
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Fig 18. Adsorption isotherms of lead (11) on S-ACF#1. S-ACF#2 and P-ACE
3.3.1.3 Comparison of isotherm models for lead (II) adsorption on S-ACF#1. S-ACF#2
and P-ACF
In order to optimize the design of a sorption system, it is important to establish an
appropriate correlation for equilibrium curves. In this study two isotherm equations
(Langmiur and Freundlich isotherms) were tested. Figures 1 9 and 20 show the Langmuir
and Freundlich isotherm linear plots for the adsorption of lead (11) on S-ACF#1. These
figures indicate that the correlation coefficient for lead on S—ACF#1 in Langmuir model
is higher and show better linearity than in Freundlich model. Therefore the adsorption of
lead (TI) on S-ACF#1 follows the Langmuir model which means the sorption is
monolayer on homogeneous surfaces and within the adsorbent, each site can
accommodate only one molecule. The Langmuir parameters of the isotherm are listed in
the Tables 6. The monolayer capacity was calculated at 82.6 mg/g Pb2.
y = O.0121x + 0.2779
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Fig 20. Freundlich isotherm linear plots for the adsorption of lead (II) on S-ACF#l
Table 3. Langmuir isotherm parameters of lead (II) on S-ACF#1
Materials Pollutants Equation R KL(L/g) aL Q0(mg/g)
(L/mmol)
S-ACF#l Lead (II) Y=0.0121x+0.0.278 0.996 4.38 0.053 82.6
Figures 21, 22 show the Langmuir and Freundlich isotherm linear plots for the adsorption
of lead (II) on S-ACF#2. These figures indicate that adsorption of lead (II) on S-ACF#2
does not follow either Langmuir or Freundlich model which means the sorption could be
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Fig 21. Langmuir Isotherm linear plots for the adsorption ollead (II) on S-ACF#2
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Fig 22. Freundlich isotherm linear plots for the adsorption of lead (II) on S-ACF#2
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Figures 23 and 24 show, the Langmuir and Freundlich isotherm linear plots for the
adsorption of lead (II) on P-ACF. These figures indicate that the correlation coefficient
for lead on P-ACF in Freundlich model is higher and show better linearity than in
Langmuir model. Therefore the adsorption of lead (II) on P-ACF •follows the Ereundlich
model and it can be assumed that the sorption of lead on P-ACF is non-ideal, multi-layer
on heterogeneous surfaces. The parameters of the Freundlich isotherms are listed in the
Tables 4. The value of 1/n < 1 is classified as the L-type, and suggests a relatively high
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Fig 24. Freundlich isotherm linear plots for the adsorption of lead (II) on P-ACF
Table 4. Freundlich isotherm parameters of lead (11) on P-ACF
Materials Pollutant Equation KF [L/( mg 1—i /n 1 /n( bF)
g)j
P-ACF Lead(II) Y=0.281x+1.636 0.985 0.2805
3.3.1.4 Adsorption isotherms of lead (II) on S-ACF#1 in presence of competing ions
This experiment was conducted on 100 ml of 6000 ppb lead solution. Results (Figure 25)
show a high Pb2 adsorption capacity, even at very low concentration of Pb2. Sulfonated
ACF also shows a high Pb2 selectivity in the presence of competing cations such as Na.
K, Ca2+ or Mg2. The maximum uptake occurs in the presence of Na, K. Ca2 (92-
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Fig 25. Adsorption isotherms of lead (11) on S-ACF#1 in presence of competing ions
3.3.1.5 The effects of pH on lead (II) uptake on S-ACF#1
This experiment was conducted on pH range of I to 4 demonstrated in Figure 26.
indicates lead adsorption increased from 49 mg/g at pH of 1 .5 to 58 mg/g at pH of 4,
which could be related to the solubilily of Ph2. The cause of increase with p1-I is not
clear, but it could be due to change in the chemistry of the activated carbon and solubility
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Fig 26. The effects of pH on lead (11) uptake on S-ACF#1
3.4 Conclusion
Adsorption studies ofPb2 on sulfonated activated carbon filters (ACF) indicated
that material S-ACF#l reached equilibrium capacity of 84.9 mg/g in comparison to S
ACF#2 at 73.2 mg/g and P-ACF at 66.2 mg/g. After 55 hours equilibrium was reached.
The uptake of lead decreases in the presence of Mg2. The adsorption was pH dependanl
and increased with pH. The sorption of Pb2 on S-ACF#1 closely follows the Langmuir
model which means the sorption is monolayer and homogeneous. Sorption of Ph2 on S
ACF#2 could he monolayer on homogeneous surfaces and multi-layer on heterogeneous
surfaces at the same time and sorption of Pb2 on P-ACF follo\vs the Freundlich model
therefore non-ideal. multi-layer on heterogeneous surfaces.
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